A model is developed and demonstrated for simulating echosounder and sonar observations of fish schools with specified shapes and composed of individuals having specified target strengths and behaviors. The model emulates the performances of actual multi-frequency echosounders and multi-beam echosounders and sonars and generates synthetic echograms of fish schools that can be compared with real echograms. The model enables acoustic observations of large in situ fish schools to be evaluated in terms of individual and aggregated fish behaviors. It also facilitates analyses of the sensitivity of fish biomass estimates to different target strength models and their parameterizations. To demonstrate how this tool may facilitate objective interpretations of acoustically estimated fish biomass and behavior, simulated echograms of fish with different spatial and orientation distributions are compared with real echograms of herring collected with a multibeam sonar aboard the research vessel "G.O. Sars." Results highlight the important effects of fish-backscatter directivity, particularly when sensing with small acoustic wavelengths relative to the fish length. Results also show that directivity is both a potential obstacle to estimating fish biomass accurately and a potential source of information about fish behavior.
I. INTRODUCTION
Acoustic measurements of marine life span spatial scales ranging from millimeters 1 to thousands of meters, 2 and contemporary sonar equipment (e.g., Simrad MS70) can provide observations of large in situ fish aggregations, synoptically, with high spatiotemporal resolution. However, whereas acoustic instruments have become increasingly sophisticated, interpretation of their data is still a major challenge. For example, when measurements are made with a multi-beam echosounder (MBE; projecting mostly downward) or multi-beam sonar (MBS; projecting mostly laterally) 3 versus a conventional single-beam echosounder (SBE; projecting vertically downward), it is more important to consider the dependence of backscatter (i.e., echo energy in the direction of the sensing transducer) on acoustic frequency and incidence angle.
A. Backscattering directivity
For a monostatic sonar, which has co-located transmitter and receiver, directivity describes the dependence of backscatter on the angle between the incident acoustic wave and a target. Backscattering directivity, a function of acoustic frequency, may cause measurements of integrated backscatter 4, 5 to vary greatly, particularly when the acoustic wavelength is small relative to the target size. Unfortunately target orientations relative to the sound beam(s) depend on animal behavior, which is generally unknown. On the other hand, variations in echoes may provide useful information about school dynamics, 6 such as synchronized changes in fish orientation in response to a predator. 7 
B. Target strength models
The effects of backscattering directivity on sonar observations of fish have been investigated by numerous researchers for several decades. Intrinsically, these investigations involve estimates of fish target strength (TS). TS is a metric of an object's reflectivity, which is dependent on the acoustic frequency 8 and incidence angle, 9 and the animal's size, morphology, and physiology. 10 Love 9 pioneered the measurement and modeling of fish backscatter from any incidence angle. Subsequently, numerous others have investigated the scattering directivity of fish and other marine organisms, e.g., herring 11 and krill. 12, 13 McClatchie and Ye 14 used simple geometries like a prolate spheroid 15 and a deformed cylinder 16 to approximate the scattering directivity of fish with swim bladders.
Perhaps the most commonly used model for fish TS is the Kirchhoff ray-mode (KRM) model. 17 The KRM model represents a target's shape by a collection of simple geometric objects, and TS is calculated as the coherent addition of their echoes. With correct parameter values, the KRM model performs well for oblong targets at angles close to normal incidence. 17 However, the model is inaccurate at large angles of incidence where it generally underestimates the backscatter. 18 Because the use of sonars has increased, so has the need for accurate models of TS versus acoustic frequency and all incidence angles. As an alternative to the KRM model, the Fourier matching method considers axisymmetric objects of irregular shape and should be unbiased at all aspects (Reeder et al. 18 ).
C. Simulation models
Models of fish TS have been used to simulate data from real echosounders and sonars. Analyses of simulated data, often in comparison to real data, have provided knowledge about the validities of the TS models, characteristics of the targets, performances of the instruments, and the qualities of echo-integration analyses. The accuracy of simulated data depends greatly, however, on the accuracies of the TS and sonar-performance models and their parameterizations and the extent to which other important factors, e.g., noise, are considered.
Foote 19 developed a simulation model for an SBE to validate an echo-integration method. 20 He modeled the acoustic beam resulting from a circular piston transducer, fish TS with an empirical backscattering directivity function, 21 and the resulting echo signal with incoherently added noise. Coombs and Barr 22 developed a model to simulate echoes from fish received with an SBE. They estimated the normal distributions of the swim bladder tilt angle of black and smooth oreos based on a least squares criterion of the difference between in situ TS measurements and simulated TS measurements of KRM models for a variety of tilt angle distributions. Diner 23 simulated echograms from an SBE to quantify and correct for the distortion of school metrics resulting from the acoustic beam width. Demer et al. 24 developed a simulation model for a multi-frequency SBE and used it to verify the performance of a method for better rejecting echoes from non-resolvable coincident targets. Horne and Jech 25 estimated fish length distributions by inverting a KRM model of fish TS using multifrequency measurements of fish TS.
Buelens et al. 26 developed a model of an MBE that incorporated beam forming, sound-ray tracing, and target scattering to simulate received acoustic intensities. They used the data to develop methods for target classification. Cutter and Demer 27 used a KRM model of fish TS and simulated MBE observations of fish schools exhibiting a variety of behaviors, e.g., diving close to the vessel. They recognized the simulated patterns in real MBE measurements, illustrating the usefulness of such simulations. The effects of scattering directivity on measurements from an SBE (vertically oriented) and a sonar (horizontally oriented) were further demonstrated through simulations by Henderson et al. 28 and Boswell et al., 5 respectively. The latter group noted high variability in biomass estimates due to changes in mean orientation for polarized groups of fish.
D. Scattering statistics
Scattering variability may also arise from constructive and destructive interference of waves reflecting from multiple fish within a school. According to Stanton, 29 the amplitude A of the sum of a sufficient number of sine waves of uniformly distributed phase is approximately Rayleigh distributed with probability density function (PDF) 
where the expectation of I can be expressed as EðIÞ ¼ k
, where q 0 c is the specific acoustic impedance of a plane wave.
When few targets contribute to the echo received in a specific sampling interval, Chu and Stanton 30 note that the pressure amplitude is not well approximated by the Rayleigh distribution. This non-Rayleigh property is most evident if the number of targets scattering sound of similar pressure amplitude is less than five [plots for 2, 3, 4, and 100 identical amplitudes are given in Chu and Stanton, 30 their Fig. 2 ]. The exact PDFs of the pressure amplitude and the corresponding intensity from a finite number of targets of known, and possibly unequal individual pressure amplitudes was calculated by Barakat 31 (his Eqs. 31, 55, 56, and 64). See Sec. II B 2 for implementation of the PDF of the intensity in the simulation model.
E. Study objectives
In this study, we develop and demonstrate a model that accepts input that includes: The properties of an SBE, MBE, or MBS, and the propagation media; and the number, positions, and orientations of targets comprising an aggregation. It outputs simulated data for the specified instrument. The model facilitates the interpretation of real multi-beam data in terms of individual fish behaviors 32 and their aggregation morphology 33, 34 and dynamics. 35 Furthermore, hypotheses regarding the spatiotemporal and orientational distributions of the targets 36 comprising a school, and their aggregate behavior, can be translated by the model to simulated acoustic observations for comparisons to real data.
The objectives of this study are to (1) develop a software tool, based on theoretical backscatter from individual fish, to predict acoustic backscatter from fish schools; (2) adapt the tool to simulate output from standard instruments used to survey and study fish; and (3) demonstrate how the simulation tool can be used to interpret real acoustic data in studies of fish behavior and aggregation characteristics.
II. MATERIALS AND METHODS

A. Simulation model
A model is developed that simulates echoes from fish schools, and measurements of TS and volume backscattering strength ðS v Þ made with an SBE (i.e., Simrad EK60), MBE (i.e., Simrad ME70), or MBS (i.e., Simrad MS70) in an environment with no background noise and no reverberation. The simulator incorporates models of fish TS, individual and aggregated fish behaviors, and measurement instrument performance. In this section, these models and their collective use to simulate data from the following scenarios are described: (1) single-beam observations of a single-target, (2) multi-beam observations of multiple targets, and (3) multi-beam observations of a standard sphere (calibration).
Coordinate systems
The simulated echosounder or sonar transducer is assumed to be monostatic. The transducer and targets are positioned in a global right-hand Cartesian coordinate system where the origin is located on the sea surface at a reference position of the research vessel, west is along the x axis; north is along the y axis, and vertically upward is along the z axis. Separate right-hand Cartesian coordinate systems are defined for the transducer beams and for the targets (Fig. 1) . Both of these coordinate systems differ from the global coordinate system by having z axis oriented along the direction of the beam/target, represented by the maximum response in the case of a beam and the heading in the case of a target as opposed to vertically upward. This definition has the advantage that in the corresponding spherical coordinate systems, the elevation angle of a position vector is defined as the angle between the position vector and the direction of the beam/target. In the case of a transducer beam, the origin is located on the transducer face; the direction of the beam is along the z axis; the sea surface is parallel to the x axis; and vertically downward is positive on the y axis for non-vertical beams. For beams pointing vertically downward, the negative vessel direction is along the y axis, and for beams pointing vertically upward, the positive vessel direction is along the y axis. Similarly, for a target, the origin is the center of mass; the direction of the target is along the positive z axis; the sea surface is parallel to the x axis; and vertically downward is positive on the y axis (i.e., down through the abdomen of a fish).
To represent the position of a target by its range and incidence angle to a beam and, similarly, to represent the position of the transducer by its range and incidence angle to a target, spherical coordinate systems are defined for the transducer beams and the targets. In the spherical coordinate system of a transducer beam, the position of the target ðr; h; /Þ, is defined by the range r, the azimuth angle h, and the elevation angle /. The corresponding notation for the position of the transducer in the spherical coordinate system of the target is ðr 0 ; h 0 ; / 0 Þ. During the period between transmission and reception, the movement of a vessel-mounted transducer is assumed to be small enough that the change in r is negligible ðr 0 % rÞ. Sound speed c is assumed to be constant throughout the propagation path, so refraction is not considered.
In the case of multiple beams aiming in different directions, there is a need for a definition of the right-hand Cartesian coordinate system of the research vessel. The origin of this coordinate system is located on the transducer face; starboard is along the x axis; vessel heading is along the y axis; and vertically upward (parallel to the mast) is along the z axis. The corresponding spherical coordinate system is defined by the range r ? , the azimuth angle h ? , and the elevation angle / ? . Transformation between the coordinate systems is done by the following method: Consider two coordinate systems, say C 1 and C 2 , where the origin of C 2 is represented by o 2 in C 1 , and where C 2 is rotated by the Euler angles s z , s x , and s y counter-clockwise around the z axis, x axis, and y axis of C 1 , respectively. The transformation of a position vector v 1 in C 1 into the corresponding position vector v 2 in C 2 is obtained by subtraction of o 2 from v 1 , followed by multiplication of the resulting vector by a rotation matrix A z;x;y ðs z ; s x ; s y Þ:
The rotation matrix is constructed by multiplication of single rotation matrices, A z;x;y ðs z ; s x ; s y Þ ¼ A y ðs y ÞA x ðs x ÞA z ðs z Þ, where the single rotation matrices A x ðs x Þ, A y ðs y Þ, and A z ðs z Þ represent counter-clockwise rotation around the x axis, y axis, and z axis, respectively, and are given by 
The rotation order z-x-y specified by the Euler angles corresponds to the yaw, pitch, and roll of C 2 relative to C 1 , but arbitrary rotations can be constructed by multiplication of the single rotation matrices given in Eq. 
Measurements of backscatter
The maximum intensity of the transmitted beam I 0 is modified in the direction of the target ðh; /Þ by the transmit beam pattern B T1 ðh; /Þ. Over the range r from the transducer to the target, the sound intensity is attenuated by spherical spreading r À2 and absorption 10 Àar=10 , where a is the frequency-dependent absorption coefficient in units of dB m À1 . The backscattering cross-sectional area r bs of a target reflects a portion of the incident energy, and TS is its decibel representation TS ¼ 10 log 10 ðr bs Þ. The reflected intensity is attenuated again by 10
Àar=10 r À2 and finally modified by the receive beam pattern B T2 ðh; /Þ. The sound intensity received by a sounder I rec provides measures of TS and volume backscattering coefficient s v (MacLennan et al. 
where V is the volume over which backscattering crosssectional areas are summed. The mean volume backscattering strength S v ¼ 10 log 10 ðs v Þ is frequently used in particular for visualization purposes. For a single transceiver beam of sampling duration Dt, the volume V is enclosed by the equivalent beam angle
which can be interpreted as the solid angle inside which an idealized beam pattern is 1; and the distances r j À Dt=2 and r j þ Dt=2, where r j ¼ ðj À 1ÞDt is the distance from which the entire sound pulse backscattered from a point target is received in the jth right-open sample interval ½ðj À 1ÞDt; jDtÞ, j ¼ 1; …; J. The volume of a spherical cone of range r in terms of w is wr 3 =3, and taking the difference between the volume of spherical cones of radius r j þ Dt=2 and r j À Dt=2 results in the following expression for the volume V:
Model of fish target strength
The backscattering cross-sectional area r bs is a measure of the backscatter intensity at 1 m from a target relative to the incident intensity. In the simulation model, it is expressed as r bs ðh 0 ;
where the maximum backscattering cross-sectional area r 0 is dependent on the measurement frequency f , the target size S (defined as the total length), shape, and morphology. Further, in the case of fish with a swim bladder, hydrostatic swim bladder compression reduces the echo energy absorbed in the target by the factor
where c L 0 and c W 0 represent compression in swim bladder length and width respectively, and d ! 0 is the depth of the target in meters. Finally, r bs is modified by the backscattering directivity of the target, composed of the frequency independent orientation factor g X 2 ½0; 1, representing the acoustic cross-sectional receiving area at aspect X ¼ ðh 0 ; / 0 Þ relative to the maximum acoustic cross-sectional receiving area at the given depth, and the frequency dependent target beam pattern B L ðh 0 ; / 0 Þ in the direction of the transducer. The backscattering directivity is particularly important in the case of measurements with MBE or MBS, where targets are observed at a wide range of aspects. Parametric functions or empirical tables are used to define B T1 , B T2 , B L , and g X .
For frequency f ¼ 38 kHz, Ona 39 estimated the depthdependence of dorsal-incidence target strength of herring by the expression TS ¼ 20 log 10 S À 2:3 log 10 ð1 þ d=10Þ À 65:4, where S is measured in cm. In the simulation model, this equation is expressed as r 0 ðf 0 Þg C ¼ S m 10 À6:54 g C , where
À0:23 and m ¼ 2. It is assumed that swim bladder compression occurs only radially (c L ¼ 0 and c W ¼ À0:23). Therefore r bs decreases and the oblongness n, defined by the ratio between length and width of the swim bladder, increases with increasing depth. The ratio r 0 ðf Þ=r 0 ðf 0 Þ was 1.37, 1.00, 0.85, 0.64, and 0.41 at frequencies 18, 38, 70, 120, and 200 kHz, respectively, in the results of five surveys of herring near Norway during was also available but was not estimated due to fewer reliable observations and higher variability at this frequency. The model r 0 ðf Þ=r 0 ðf 0 Þ ¼ ðf =f 0 Þ c f was fitted to these data by the least-squares method, resulting in the estimate c f ¼ À0:4, rounded off to the nearest 0.1 because of the uncertainty of the data related to the extended period of observation, potentially including annual differences in size composition and other properties of the herring. 40 ) is the long dimension of the prolate spheroid corresponding to swim bladder length. For values of kL ¼ 48:2, 49.2,…, 300.2, the method used by Tang did not perform satisfactorily, and estimates of the target beam pattern were calculated by use of the KRM model of a prolate spheroid despite its limited accuracy at large angles of incidence. For the frequencies used in the ME70 and the MS70, the majority of the fish had kL 47:2, and the beam pattern estimates from the KRM, were thus only used for particularly large fish or at the higher frequencies of the EK60. In one of the simulations, for comparison to the prolate spheroid, a simple line-source model 1 was used. In that case, B L was expressed by the sinc function of the product kL/=2, and the model used to calculate g X was a cylinder rounded by hemispheres at both ends.
Model of fish behavior
In the examples presented in this paper, the individual fish trajectories were generated by the following model of fish behavior: At the initial time t 0 , the positions of the individual fish are coordinates within a hypothetical fish school with specified density, shape, size, and initial position x 0 . The model of fish behavior assumes that the individual fish have a common underlying velocity component v k at time t k ; k ! 0, which can be manipulated to steer the expected center of mass of the school along a desired trajectory. The unperturbed position of the lth fish relative to the school position at time t k is denoted by y l;k . Various behavior patterns, e.g., swarming, torus, or parallel alignment, may be simulated by including forced motion in y l;k . To include randomness in the orientation and position of each individual fish, an autoregressive perturbation n l;k is added to the position of the lth fish at time t k , given by n l;k ¼cn l;kÀ1 þe l;k ;
where the three component parameter c satisfies jcj < 1, and e l;k has a Normal distribution with zero mean and three component vector of variances m. The position of the lth fish at the kth time step is then given by
The model does not account for interactions between individuals other than through the underlying common velocity component v k . This is a simplification compared with other behavior models, 32 but the model serves as a fast way of generating the desired spatial and orientational characteristics of the fish schools.
In this study, parallel alignment was simulated by setting y l;k equal to the position y l;0 at the initial time t 0 , causing the position of each fish only to change by n l;k relative to the school center. Also the school was given linear motion by setting v k ¼ v 0 . The fish alignments are governed by m, which was set to produce a desired polarization p, defined by the mean angle deviation between the headings of the individuals and the school. 36 The process was allowed to run for a number of 10 time steps before recording the trajectories so that the autoregressive process could reach a state unaffected by the initial positions.
B. Simulated scenarios
Single-beam observations of a single target
Consider an SBE insonifying a single target. Ignore the limited system bandwidth and acknowledge that dispersion of sound waves in water is negligible. For a sound pulse of duration equal to the sampling duration Dt, the acoustic intensity received by the SBE in the jth (right-open) sampling interval ½ðj À 1ÞDt; jDtÞ, from a target at distance r, insonifying the receiver in the (right-open) time interval ½2r=c; 2r=c þ DtÞ, is
where g j is the proportion of the backscattered intensity coinciding with the jth sampling interval:
where Dr ¼ cDt=2 is the range resolution.
Multi-beam observations of multiple targets
Now consider the more general scenario of multiple targets detected in multiple beams. Invoke the assumption of linearity 41, 42 and treat the processes of emission and reception separately. For each target l, the total incident intensity I inc;l;f , at frequency f , is the sum P i : f i ¼f I inc;i;l of the incident intensities from all transmitted beams of equal frequency f i ¼ f . The intensity I rec;j;i;l received from target l in sampling interval j of beam i is calculated by
The expected received intensity in sampling interval j of beam i is given by the sum I rec;j;i ¼ P l ðI rec;j;i;l Þ of the intensities received from all targets for which g j > 0.
In the simulation model, the randomness due to constructive and destructive interference is added either by considering I rec;j;i to be the mean of an exponentially distributed variable (originating from the Rayleigh approximation, see Sec. I D) or by applying b n ¼ ffiffiffiffiffiffiffiffiffiffi I rec;j;i p in the PDF of the intensity from a finite number of scatterers, calculated by Barakat 31 (his Eqs. 31 and 64), depending on a measure of the number of significant scatterers
The exact but computationally intensive PDF given by Barakat 31 is only used when n j;i is smaller than a user specified value.
To interpret multi-beam sonar data as a threedimensional (3-D) image, a system of disjoint volume elements (voxels) is defined so that, simultaneously, the overlap between neighboring voxels is minimized, and the voxel volume is chosen according to the equivalent beam angle w. For single circular beams, the voxels are defined similarly to the volume V in Eq. (8) by the enclosure of the conical surface / ¼ arccosð1 À w=2pÞ, and the spherical surfaces g j ¼ 1=2. This results in voxels shaped like curved discs of constant thickness Dr and linearly increasing radius along the beam.
When multiple beams are considered, with equally separated maximum responses in both the horizontal and vertical direction, the angular partitioning is specified by surfaces of constant azimuth angle h ? and elevation angle / ? in the spherical coordinate system of the vessel (Sec. II A 1), in such a way that these angles fall in the middle between neighboring beam maxima. The resulting voxels are shaped like curved rectangular boxes with constant thickness Dr and linearly increasing angular size along the beams.
Measurement calibration
To make accurate acoustic measurements of fish, it is essential to calibrate the instrument. 43 This is generally accomplished by comparing theoretical and measured TS of a standard sphere. To compare theoretical and simulated TS, values of B T1 , B T2 , and a are input to Eq. (12) , and I 0 is estimated for the echo from a spherical, incompressible target (i.e., a simulated standard sphere) located on the acoustic axis of each beam. The range dependent amplification 10 ar j =5 r 4 j , commonly known as time varied gain 44 or TVG is applied for the distance r j ¼ ðj À 1ÞDr to the jth voxel.
To compare theoretical and simulated volume backscattering coefficient s v , a large number of uniformly distributed spherical targets are positioned in a spherical shell extending well beyond the specified sampling volume. Because of the constant range resolution, the volume of a voxel is proportional to r 2 , and the volume V in Eq. (6) can be replaced by a constant times r 2 , resulting in the TVG expression 10 ar j =5 r 2 j . For a multi-beam system, the targets contribute to the I rec of all beams of equal frequency, so the beams cannot be calibrated separately.
C. Materials
Three echosounders and sonars were implemented in the simulation model: The EK60 multi-frequency echosounder, the ME70 multi-beam echosounder, and the MS70 multi-beam sonar. The simulation model was configured for the three systems according to the settings stored in real data.
Survey data
Data of herring from the EK60 and the MS70, collected on RV "G.O. Sars" in the Norwegian Sea outside of Tromsø, during November 2009, were used for the configuration of the simulation model, the design of the simulation experiments, and the interpretation of the simulation results for these two systems. Calibration data from the MS70, recorded on RV "G.O. Sars" on 17 December 2008 in a fjord close to Bergen, Norway, using the method described by Ona et al., 45 made the basis for simulated calibration data. ME70-data of sand eel were collected on the vessel "Simrad Echo" late April 2010 in the North Sea outside the southernmost point of Norway and were used to configure the simulation model for the ME70 multi-beam echosounder.
EK60
The EK60 system was operated at the six frequencies 18, 38, 70, 120, 200, and 333 kHz. All of the transducer beams were virtually circularly symmetrical and pointing vertically downwards. Two-way beam widths were approximately 7:7 (10:9 one-way) for the lowest frequency and decreasing from 4:9 to 4:6 (7:0 to 6:4 one-way) with increasing frequency for the other beams. The duration of the sampling intervals was 2.56 À4 s, giving a resolution along beams % 19 cm. From the lowest to the highest frequency, measurements spanned a few thousand to a couple hundred meters.
In the simulation model, the beam patterns of the EK60 were modeled by a circular piston
where a is the radius of the circular piston, / is the elevation angle in the spherical coordinate system of the transducer (Sec. II A 1), and J 1 is the first order Bessel function of the first kind. Identical beam patterns were used for emission and reception, resulting in side lobe levels measuring À35:1 dB. The circular piston model was fitted to the beam widths reported in the real data.
ME70
The ME70 was configured with one fan of 15 beams projecting downward with an athwartship swath of approximately 60
. The frequencies of these beams ranged from 75 for the central beam aiming vertically downward to 115 and 112 kHz for the outermost beam on the port and starboard sides, respectively. The beams were non-circular and frequency dependent with two-way beam widths ranging from 2:3 to 3:5 (3:2 to 5:0 one-way) alongship and from 2:6 to 3:5 (3:7 to 4:9 one-way) athwartship. Higher frequencies, and therefore small beam angles, were used for the outer beams. Additionally, the ME70 was configured with two split-aperture reference beams at the frequencies 70 and 120 kHz, having two-way beam widths of 4:8 (6:8 oneway). Side lobe levels were between À35 and À70 dB, depending on beam width and frequency configuration. For all of the beams, the duration of the sampling intervals was 1.28 À4 s, resulting in a resolution along beams %9 cm. Data collection range was set to 200 m for all beams.
In the simulation model, the non-circular beam patterns were modeled as those from a circular piston with radius aðhÞ varying as an elliptical function of azimuth angle h in the spherical coordinate system of the transceiver. In addition, the beam patterns were raised to a power of fðhÞ, also given as an elliptical function of h, resulting in the following expression for the non-circular beam patterns: B T1 ðh; /; k; a; fÞ ¼ B CP /; k; aðhÞ ð Þ fðhÞ ;
where the parameters of the elliptical functions aðhÞ and fðhÞ were estimated based on the beam widths and side lobe levels, respectively, specified in the real data. Identical beam patterns were used for emission and reception.
MS70
The MS70 was configured in "continuous-wave" mode. Its 500 beams were set to comprise 20 fans, each operating at different frequencies and spanning 60 horizontally, ensonifying a volume with dimensions of 60 horizontally and 45 vertically. Each transmission sequence was set to begin with the four lowest fans, where the lowest fan operated at 112 kHz, aiming 45 downward relative to the surface and continuing with the next four fans until the last fan, operating at 75 kHz, aiming 0 relative to the surface. The two-way beam widths varied from 4:5 to 5:1 (6:4 to 7:2 one-way) vertically and from 2:7 to 4:6 (3:8 to 6:5 one-way) horizontally. With a constant frequency within each horizontal fan, the sidelobe levels were À25 dB horizontally and À35 dB vertically. The duration of the sampling intervals was 5.12 À4 s, giving a resolution along beams %38 cm. Data collection range was set to 500 m in the data from November 2009 and 30 m in the calibration data from December 2008.
The non-circular beam pattern model described in the preceding text for the ME70 was used for the MS70 as well, fitted to the beam widths and side lobe levels specified in the real data.
III. SIMULATION SETUP AND RESULTS
To illustrate the use of the simulation model, five simulation experiments were conducted; one for a multifrequency EK60, one for an ME70, and three for an MS70. This section presents these experiments and in particular describes the methods used to compare simulated MBS data to measurements of a standard sphere and of fish schools made with an MS70 aboard RV "G.O. Sars."
A. EK60 simulation A transect of 100 transmissions was simulated across a fish school with an initial ellipsoidal shape with axes equal to 35, 35, and 20 m in the x, y, and z directions, respectively, centered at depth d ¼ 175 m. The school contained approximately 5 Â 10 5 fish and had a density equal to five fish per cubic meter. 46 The center of the school moved east at 0.6 m/s, and the vessel moved southeast at 5.2 kn. The m in Eq. (11) Fig. 2(b) ]. The time between transmissions in the real data was 1.625 s, resulting in fewer observations across the school and apparently narrower horizontal school extent for the real data [ Fig. 2(b) ] compared to the simulated data [ Fig. 2(a) ]. Because the beam width is larger at the lower frequency, the echogram is subject to a higher degree of smearing along the time axis at this frequency, visible both in the simulated and real echograms.
There is a discrepancy between the simulated and the real echogram for the highest frequency. A possible explanation for this may be that the directionality in the backscatter from individual herring is stronger at this frequency compared to the lower frequencies. As a consequence, the total backscatter from the school is more sensitive to mean swim bladder orientation at the highest frequency.
Multiple scattering inside sufficiently dense schools results in weaker, delayed echoes. 47 This effect is apparent in the EK60 echograms as smearing of the real school toward the seabed [ Fig. 2(b) ]. Sound extinction due to scattering and absorption within the targets 48 will also reduce the intensity of the transmitted signal as it propagates through the school. Therefore the simulated data could be more realistic if account was made for multiple scattering or absorption within the school.
B. ME70 simulation
The same fish trajectories and the same vessel positions that were used in the simulated EK60 transect were also applied to the ME70 simulations. By overlaying echo data from consecutive transmissions, a 3-D representation of the school was constructed (Fig. 3) . The simulated ME70 transect illustrates the potential effect of school motion on aggregated 3-D rendering of the ME70 data. For the given velocities of the school (0.6 m/s east) and the vessel (5.2 kn southeast), the school, which is circular as seen from above, is elongated in the simulated data in the east-southeast direction (Fig. 3) . As the school moves during the observation period, each slice of the school is displaced relative to the first slice by the product of school velocity and time elapsed from the first slice. For school velocities with a positive component along the vessel direction, the perceived school shape is stretched along a direction in between the directions of the vessel and the school. Conversely, for school velocities with a negative component along the vessel direction, the perceived school shape is compressed.
C. MS70 simulation
MS70 calibration
Special care was taken to validate the MS70 simulations. Calibration data collected on RV "G.O. Sars" on 17 December 2008 were compared to simulated calibration data, which were based on the theoretical TS values of the calibration sphere, 45, 49 and positions of the calibration sphere stored in the raw files. Omnidirectional scattering directivity was applied to the calibration sphere in the simulations.
A comparison between the simulated and real calibration data for a specific transmission is shown in Fig. 4 , where both color and size of the voxels indicate S v values. The simulated calibration transmission [ Fig. 4(a) ] resembles the real calibration transmission [ Fig. 4(b) ] both in magnitude and distribution across the beams. Because targets are located to single points in the simulation model, the echo will only be shared between two consecutive sampling intervals, while the scattering from a real calibration sphere appear to be spread over at least four consecutive sampling intervals, seen as a higher number of voxels along the beams in Fig. 4 (b) compared to Fig. 4(a) .
MS70 observations of fish orientation
The second MS70 simulation experiment examined the effects of fine-scale fish-orientation patterns on measurements of s v : Echograms were simulated for a school subject to eight different orientation scenarios [ Fig. 5(a) the school [ Fig. 5(a), Frame B] or a cylinder through the mass center of the school [ Fig. 5(a), Frame G] , serving as idealized representations of realistic schooling fish behaviors. Predator induced waves in fish orientations, starting from the edge or from the interior of the school, could potentially result in similar orientation patterns. The orientation scenarios were applied to the same school used as input to the first transmission of the simulated EK60 and ME70 transects, and the vessel was positioned 300 m north of the school. A 3-D point representation of the simulations of the orientation scenarios is shown in Fig. 5(b) , where the number of uniformly distributed points plotted in each voxel is proportional to the product of s v and volume of the voxel.
Perhaps the most striking feature of the experiment is the large drop in the simulated echo when all of the fish are oriented aligned with versus perpendicular to the sonar beams caused by the directionality of the prolate spheroidal scattering model. This effect is seen in Fig. 5(b) , where the total backscatter of the school in Frame A was calculated to be 157 times higher than the total backscatter of the school in Frame D (both with polarization p ¼ 16:9
). Consequently, the orientation scenarios are clearly visible in the simulations. Localized changes in fish orientations cause the school to appear as two schools in close proximity [ Fig.  5(b) , Frame F], or as one school with a vacuole [ Fig. 5(b) , Frame G]. The simulations also indicate higher along-beam versus across-beam resolutions, causing the apparent splitting of the school to be less evident in Fig. 5(b) , Frame E versus Frame F.
Given that the acoustic model and degree of polarization are representative of a real school, there is also a potential for using simulations of MS70 data to infer fish density. Comparing the first transmission of the simulations of orientation scenarios to one transmission of a school of herring recorded on RV "G.O. Sars" on 13 November 2009, 13:59:25 UTC (Fig. 6 ), it appears that the density used in the simulations (5 fish per cubic meter) underestimates the real fish density. The mean backscatter inside a 15-m-radius sphere fully covered by the real school was more than twice the mean backscatter of the simulated school, measured inside a sphere of the same size, suggesting a packing density exceeding 10 fish per cubic meter (corresponding to 0.46 cubic meters per fish). The transmission of the real school was selected by circling around the school and choosing the transmission of highest echo. The density estimate is based on the assumptions that the distributions of fish size and orientation are similar for the real and simulated school, and that the acoustic model of the fish is sufficiently accurate.
MS70 observations of fish polarization
The final MS70 simulation experiment examined the polarization of a school of herring recorded during the cruise on RV "G.O. Sars" on 16 November 2009 (07:55:54 to 08:38:15 UTC). The school was located close to the surface and measured approximately 50 m across. It was observed for more than 42 min during four full circumnavigations of the school at an approximate distance of 300 m. The backscatter was highly dependent on the incidence angle (Fig. 7) , which compared to the directionality of herring suggested a certain degree of polarization. By simulating the echo at all aspects, from schools of different polarizations, and comparing the total echo of the simulated and real schools, inference was made about the polarization of the real school, as shown in this section. The total backscattered energy was calculated as the sum of the product of s v and volume of the voxels enclosed in a sphere of radius 70 m centered at the center of mass of the school for each time step. The center of mass was estimated visually, but for extended time intervals the echo from the real school was hardly distinguishable from the background noise, and the estimated centers of mass had to be interpolated between the time steps where the school was clearly visible.
The simulations were based on a school of 13 000 fish, distributed in an ellipsoid of axes 25, 25, and 10 m in the x, y, and z directions, respectively, centered at d ¼ 40 m. The shape, size, and depth of the school was chosen to resemble the real school, and fish density was as low as 0.5 fish per cubic meter to make the simulations less computationally intensive. The school center was set to move at speed 0. behavior model, for the given school speed. For each polarization, the vessel positions were chosen to make one circumnavigation of 100 transmissions around the school at a distance of 300 m from the school center. The experiment was repeated for two different models of the directional factor g X B L ðh 0 ; / 0 Þ of the fish; one for the line source and one for the vacant prolate spheroid. Oblongness was 5 in all cases. The real and simulated total backscattered energy, normalized to have a maximum equal to 1, are plotted in Fig. 7 . Because of differing directions of the real and simulated schools, the real data were shifted along the first axis so that the peaks of the real and simulated total backscatter values coincide.
To estimate which of the polarizations provided the closest fit to the real school, the width of the peaks in the normalized total backscatter was used. These peaks presumably occurred as the school was observed at side aspect, where the modeled backscatter from an individual target is at its maximum. For simplicity, only the fifth peak was examined, which for the line source [ Fig. 7 ; 55:1 Þ. At the end of the observation period, the school seemed to increase its alignment after a disturbance in the periodicity of the total backscatter, possibly due to an internal or external stimuli.
In Fig. 8(b) , the total backscatter of a school observed on 17 November 2009 (07:17:17 to 08:00:11 UTC) does not conform to expectations for a school of a constant direction and measurable polarization. A possible explanation for this could be that the school was in a state of torus or swarming. 32 However, the total echo exhibits large and rapid fluctuations indicating a certain alignment, and the lack of a clear homogenous polarization is more likely the result of a series of observed killer whale attacks on the school during the observation period.
An alternative method for estimating the polarization could have been to quantify the relative difference in the total echo between the top of the peaks and the low regions between the peaks in Figs. 7 and 8. This method would be more robust to changes in the mean heading or to inner dynamics of schools as may be the case for the school in Fig.  8(b) . However, judging from Fig. 7 , the background noise could pose a problem to such a method. In the regions between peaks, the total echo of the real school generally exceeds the total echo of the simulated schools with polarizations p 16:9
, which suggests that background noise dominates the total echo of the real school at those aspects.
IV. DISCUSSION
Three-dimensional acoustic imaging by multi-beam sonars (e.g., Simrad MS70) has introduced new possibilities for studying the morphology and dynamics of fish schools. The MS70 can record 3-D images with each transmission, enabling behavior analysis and biomass estimates of fish schools well over 100 m in size at a resolution that has not been previously available. In this work, we have shown through simulation that orientation has a profound effect on the apparent structure of fish schools recorded by the MS70 sonar. A school appearing as a vacuole or deformed in some other way, or even as two schools close by [ Fig. 5(b) ], can result from orientation differences between segments of the school. The simulated, aggregated 3-D image from the ME70 also demonstrated a potential disagreement between observed and actual school shape. These results encourage the use of caution when inferring spatial distributions of fish from sonar data.
Consideration of noise will result in more realistic simulation experiments than the one presented in Fig. 5 . To do so, it is important to study the background noise present in real data. The potentially large effect of scattering directivity on the observed backscatter [ Fig. 5(b) ] emphasizes the importance of considering background noise when interpreting echoes from schools with inner dynamics or high polarization. For example, in the regions between peaks in Fig. 7 , where the total echo from the real school exceeds the total echo from the simulated schools with polarization p 16:9, the background noise may dominate the real data. For simulations based on behavior models, implementation of noise should provide insight to the detectability of typical behavioral patterns present in real data, such as predator avoidance maneuvers 6 and spontaneous state changes, 32 making it an important consideration alongside the effect of orientation when inferring behavior from real data. When simulating echograms of targets close to the surface or seabed, it may also be necessary to include modeled reverberation from the surface and seabed, respectively, as well as refraction of the sound rays resulting from non-constant vertical sound speed profile.
Estimation of total backscatter or spatial characteristics like shape and size of schools require segmentation of the voxels associated to the school. Segmentation algorithms typically "grow" the school from an internal starting point by propagating outward and detecting the edge of the school at the voxels that no longer fulfill a criterion based on the starting point. 50 Considering the potentially dominating effect of orientation demonstrated in this paper, a criterion based on similarity to the starting point can be sensitive to within-school fish behavior. Another obstacle for segmentation is the spatial smearing of the acoustic signal due to beam width 23 and side lobe level and the shared echo between consecutive sampling intervals specified in Eq. (13) . In multi-beam instruments, neighboring beams will partially overlap, and the extent depends on the beam configuration. For example, the echo from a small calibration sphere may be detected in several MS70 beams (Fig. 4) . As a result, a voxel just outside of a sharp edged school may be identified as part of the school. Given that the individual positions are known in the simulation model, data simulated from a variety of school shapes and orientation structures can be used to test the performance of segmentation algorithms. This may include fragmented boundaries with the potential of adding difficulties to distinguishing between noise and fish at these boundaries.
One simulation experiment (Fig. 5) demonstrated the large potential error involved in estimating biomass from multi-beam sonar echoes. The simulated total backscatter from a school at depth d ¼ 175 m and with polarization p ¼ 16 :9 , where the swim bladder was modeled by a vacant prolate spheroid with oblongness n ¼ 5, and scattering from the rest of the fish body was ignored, was 157 times higher when mean heading of the fish was perpendicular to versus aligned with the sonar beams [ Fig. 5(b), Frames 1 and 4 ]. Large changes in backscatter due to changes in orientation are also observed in real data (e.g., Figs. 7 and 8) . Consequently, the sampling design for surveys of migrating fish may bias (horizontally) acoustically estimated biomass. In other words, if a vessel transits a sampling grid and the fish schools are polarized and migrating in a particular direction, the acoustic incidence angles will not be random and the echo energy will be affected. This potential bias may be estimated using the simulation model. For a given survey design, correction factors may be estimated by generating acoustic backscatter data for schools with various densities, polarizations, and mean headings and comparing it to theory.
As shown in this study, the results of simulations of acoustic data can be used to improve estimates of biomass and interpretations of acoustic data with respect to behavior, requiring that the acoustic scattering from targets as well as the intensity perceived by real instruments are accurately modeled. In most of the simulations, the PSMS model 15 (supplemented by the KRM model for the highest frequencies) was used to calculate the scattering directivity of the targets. However, in the experiment illustrated in Fig. 7 , the polarization of a real school was estimated based on simulations using the PSMS model [p 2 ð8:5 , 16:9 Þ] and the line source model (p % 8:5
), showing that the choice of scattering model for the targets may affect the interpretation of the data based on simulations. Repeating the simulations using more sophisticated models (e.g., Reeder et al. 18 ) and measurements of backscattering directivity (Pedersen et al.
11
), could identify the sensitivity of the interpretation of acoustic data with respect to the choice of scattering model.
The on-axis TS applied to the simulations based on Ona 39 involved the maximum backscattering cross-section r 0 ðf 0Þ ¼ 10 À6:54 S 2 and the hydrostatic swim bladder compression g C ¼ ð1 À d=10Þ À0:23 . Parameters used in this expression have been reported with varying estimates depending on the experiment, 39, 51, 52 and the sensitivity of biomass estimates with respect to the parameters can be investigated using the simulation model. Frequency dependence of the on-axis backscatter was modeled by the factor ðf =f 0 Þ À0:4 , where f 0 ¼ 38 kHz, but this empirical relationship underestimated the backscatter perceived by the real EK60 for the highest frequency f ¼ 333 kHz (Fig. 2) . A possible explanation (given in Sec. III C), is the increased directionality of herring backscatter at higher frequencies. This could make the simulated data more sensitive to fish and swim bladder orientations. Given the effect of orientation on the individual backscatter, variance in parameter estimates within and between experiments may generally be influenced by behavior, 4 a hypothesis that can be tested through simulation.
The effects of target orientation and density are convoluted (see Fig. 5 ), but both may affect estimates of biomass, school structure, and dynamics. Assuming that fish change orientations more rapidly than their school changes density, the high temporal resolution of the MS70 may disambiguate these effects. A method that identifies orientation changes as those exceeding what can be explained by density changes alone can be important for the interpretation of multi-beam sonar data with respect to behavior. The simulation model may be useful to identify to what extent a change in perceived backscatter could be due to plausible changes in density versus changes in orientation.
The simulation model was principally developed to predict multi-beam sonar images of fish schools having certain densities, morphological characteristics, and behaviors. The intention is to narrow the gap between models of fish behavior and acoustic observations of large schools in situ. School dynamics resulting from predator and vessel avoidance can be mimicked by behavior models, and the corresponding simulated data can be compared to real data exhibiting such behavior. For example, the estimated polarizations p % 8:5
and p 2 ð33:3 ; 55:1 Þ of two near-surface schools [ Figs. 7(b) and 8(a) , respectively], where the target beam pattern was modeled by the PSMS model, indicated differences in behavior. A third school [ Fig. 8(b) ] was investigated by the same method, but the total echo did not conform to the periodicity related to polarization, indicating a different type of behavior than the homogenous polarized state. In fact, this school experienced several killer whale attacks, which may have altered the heading of the school or parts of the school. Simulated acoustic data of herring schools responding to killer whale attacks, analyzed with respect to localized variations in the backscatter or to the polarization estimates from the total backscatter, could provide insight to the ability of the behavior models to predict anti-predator responses of large free swimming fish schools.
Modeling of echoes from individual fish in schools can improve interpretations of signals from modern sonar systems. It is likely that this modeling approach will be important when designing new algorithms and tools as well as assisting in the interpretation of the sonar images acquired in experiments and surveys.
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